ABSTRACT Recent Hubble Space Telescope (HST) observations have revealed that a majority of active galactic nuclei (AGN) at z ∼ 1 − 3 are resident in isolated disk galaxies, contrary to the usual expectation that AGN are triggered by mergers. Here we develop a new test of the cosmic evolution of supermassive black holes (SMBHs) in disk galaxies by considering the local population of SMBHs. We show that substantial SMBH growth in spiral galaxies is required as disks assemble. SMBHs exhibit a tight relation between their mass and the velocity dispersion of the spheroid within which they reside, the M • − σ e relation. In disk galaxies the bulge is the spheroid of interest. We explore the evolution of the M • − σ e relation when bulges form together with SMBHs on the M • − σ e relation and then slowly reform a disk around them. The formation of the disk compresses the bulge raising its σ e . We present evidence for such compression in the form of larger velocity dispersion of classical bulges compared with elliptical galaxies at the same mass. This compression leads to an offset in the M • − σ e relation if it is not accompanied by an increased M • . We quantify the expected offset based on photometric data and show that, on average, SMBHs must grow by ∼ 50 − 65% just to remain on the M • − σ e relation. We find no significant offset in the M • − σ e relations of classical bulges and of ellipticals, implying that SMBHs have been growing along with disks. Our simulations demonstrate that SMBH growth is necessary for the local population of disk galaxies to have remained on the M • − σ e relation.
INTRODUCTION
The energetics and demographics of active galactic nuclei (AGN), which are found already by z = 6 (Zheng et al. 2000; Fan et al. 2000 Fan et al. , 2004 Fan et al. , 2006 , can be explained by the presence of accreting supermassive black holes (Lynden-Bell 1969; Soltan 1982; Chokshi & Turner 1992; Salucci et al. 1999; Merritt & Ferrarese 2001a) .
The Hubble Space Telescope (HST) has revealed such supermassive black holes (SMBHs), with masses in the range 10 6 − 10 9 M ⊙ , in a number of nearby quiescent galaxies (Kormendy & Richstone 1995) .
However the formation and growth of SMBHs remains something of a mystery with a variety of models proposed (Madau & Rees 2001 Mayer et al. 2010) .
SMBHs exhibit a number of scaling relations, the tightest of which is the M • − σ e relation between their mass, M • , and the velocity dispersion, σ e , of the spheroids within which they reside. A scaling-relation of the form log M • = α + β log(σ e /200 km s −1 ) was found by Gebhardt et al. (2000) and Ferrarese & Merritt (2000) . Early measurements of the slope β varied from 4.02 ± 0.32 (Tremaine et al. 2002) to 4.72 ± 0.36 (Merritt & Ferrarese 2001b ). More recent measurements still find a large range of β spanning β = 4.24 ± 0.41 (Gültekin et al. 2009 ) to β = 5.57 ± 0.33 (McConnell et al. 2011; McConnell & Ma 2012) . Other suggested correlations between SMBHs and their host bulges include the M • − L bul or M • − M bul relations with the bulge luminosity or mass (Kormendy & Richstone 1995; Magorrian et al. 1998; Marconi & Hunt 2003; Häring & Rix 2004) , and the M • − n relation with the bulge Sérsic index (Graham & Driver 2007) . A threeparameter fundamental plane for SMBHs has also been suggested (Marconi & Hunt 2003; de Francesco et al. 2006; Aller & Richstone 2007; Hopkins et al. 2007b,a; Barway & Kembhavi 2007) . Graham (2008) argued that the fundamental plane is caused by barred galaxies. Beifiori et al. (2012) found that the fundamental plane is strongly dominated by σ e . A relation between M • and M gal , the mass of the host galaxy, has been suggested (Ferrarese 2002; Baes et al. 2003; Pizzella et al. 2005) . Early work found that the same relation is satisfied also by nuclear star clusters (Ferrarese et al. 2006; Wehner & Harris 2006; Rossa et al. 2006) , which may provide a unified picture of the growth of central massive objects (McLaughlin et al. 2006; Hartmann et al. 2011) . However more recent work has found that nuclear star clusters and SMBHs follow different scaling relations (Erwin & Gadotti 2012a; Leigh et al. 2012; Scott & Graham 2012) . This may possibly be a result of the scaling relations being different in late-type galaxies (Greene et al. 2010; Erwin & Gadotti 2012b) .
The clues to SMBH growth and formation implied by these scaling relations are non-trivial to decipher: The sphere of influence of a typical SMBH has a radius of a few parsecs, which is some 2-3 orders of magnitude smaller than the effective radius of a typical bulge. What mechanism then gives rise to these scaling relations? Do SMBHs regulate bulge growth or is the growth of SMBHs restricted by the bulge in which they reside? Examples of the latter are scenarios in which gas accretion onto the SMBH is regulated by star formation (Burkert & Silk 2001; Kazantzidis et al. 2005; Zheng et al. 2009) , or by stellar feeding of SMBH accretion disks (Miralda-Escudé & Kollmeier 2005) .
AGN feedback via heating, pressure-driven winds or ionization typically gives rise to scenarios in which SMBHS regulate their own or bulge growth (Silk & Rees 1998; Wyithe & Loeb 2003; King 2003; Murray et al. 2005; Di Matteo et al. 2005; Sazonov et al. 2005; Younger et al. 2008) . High velocity outflows that may be associated with such AGN feedback have been observed in Seyfert 1 galaxies (e.g. Crenshaw et al. 1999 ). In addition, in semi-analytic models, AGN feedback is often invoked to explain the high mass end of the luminosity function (Croton et al. 2006; Bower et al. 2006) .
Alternatively, collapse models in which the M • − σ e relation is an indirect consequence of unrelated processes have also been proposed (Haehnelt & Kauffmann 2000; Adams et al. 2001 Adams et al. , 2003 Peng 2007; Volonteri & Natarajan 2009; Jahnke & Macciò 2011) .
One of the characteristics of the scaling relations is that M • correlates with the properties of the host spheroid. In disk galaxies this is the bulge component. Bulges in disk galaxies come in two types: "classical" and "pseudo" bulges, with mixed types also possible (e.g. Erwin et al. 2003; Debattista et al. 2005; Athanassoula 2005; Nowak et al. 2010) . Classical bulges are believed to form via merging of sub-galactic clumps, satellites and clusters (Eggen et al. 1962; Tremaine et al. 1975; Searle & Zinn 1978; Kauffmann et al. 1993; Baugh et al. 1996; van den Bosch 1998) . In essence classical bulges are elliptical galaxies around which a disk has reformed (e.g. Steinmetz & Navarro 2002) although continued late growth of classical bulges is also possible (e.g. Hopkins et al. 2010) . Pseudo bulges instead are formed by the secular evolution of disk structure, such as bars and spirals (Combes & Sanders 1981; Combes et al. 1990; Raha et al. 1991; Norman et al. 1996; Courteau et al. 1996; Bureau & Freeman 1999; Debattista et al. 2004; Athanassoula 2005; Drory & Fisher 2007 ). Kormendy & Kennicutt (2004) reviewed the observational evidence for pseudo bulge formation.
In contrast to pseudo bulges, classical bulges form early, predating the formation of the disk.
The difference between classical and pseudo bulges is reflected also in their SMBH demographics. Gadotti & Kauffmann (2009) estimate that classical bulges account for 41% of the black hole mass in the local universe, while pseudo bulges host only 4%. Gültekin et al. (2009) find that the classical bulges (including elliptical galaxies) follow the same M • − σ e relation as the general population, with a scatter of 0.45 ± 0.066. Instead Hu (2008) found that pseudo bulges have an M • − σ e relation with the same slope as, but lower zero-point than, classical bulges. Greene et al. (2010) showed that the SMBHs of late-type galaxies, which predominantly contain pseudo bulges, scatter below the M • − σ e relation.
A number of studies using simulations have explored the evolution of the M • − σ e relation during hierarchical merging (e.g. Kazantzidis et al. 2005; Springel et al. 2005a,b; Younger et al. 2008; Johansson et al. 2009; Robertson et al. 2006) . However, recent HST observations have shown that a surprisingly substantial fraction of AGN activity at high redshifts is associated with isolated disk galaxies, rather than with mergers. Schawinski et al. (2011) show that ∼ 80% of X-rayselected AGN at z = 1.5−3 are in low Sérsic-index galaxies, indicative of disks. They find that moderate luminosity AGN hosts at z ∼ 2 are similar to those at z ∼ 0. Excluding the high luminosity quasars, which are triggered by mergers (Treister et al. 2010) , they estimate that 23− 40% of SMBH growth occurs in intermediate brightness Seyfert AGN. The X-ray-selected sample of moderateluminosity AGN at 1.5 < z < 2.5 of Cisternas et al. (2011) consists of more than 50% disk galaxies, with ongoing mergers evident no more frequently than in nonactive galaxies. Schawinski et al. (2012) show that even heavily obscured quasars are hosted largely by disks, not by mergers. Studies of star-formation using Herschel find that the specific star formation rates of X-ray selected AGN hosts are no different from those of inactive galaxies, also indicating that AGN hosts are not undergoing fundamentally different behaviors (Mullaney et al. 2012b,a) . Using multiwavelength surveys of AGN across redshifts 0 ≤ z ≤ 3 Treister et al. (2012) found that only the most luminous AGN phases are connected to major mergers, the rest being driven by secular processes. The merger driven AGN activity accounts for only ∼ 10% of AGN. The "anti-hierarchical" nature of galaxy and AGN growth -both the largest galaxies (Bower et al. 1992; Thomas et al. 2005; Nelan et al. 2005 ) and the brightest AGN (Ueda et al. 2003; Hasinger et al. 2005) form at high redshift whereas lower mass galaxies and moderate luminosity AGN peak at lower redshifts -also hints that internal evolution rather than mergers is the main driver of SMBH growth. AGN activity continues to be dominated by disk galaxies down to the present: since z ∼ 1 more than 85% of AGN activity is hosted in galaxies with no evidence of recent mergers (Kocevski et al. 2012) . Lastly, the presence of AGN in bulgeless galaxies, which are thought to not have experienced much hierarchical merging, provides further evidence that internal evolution is capable of driving SMBH growth Araya Salvo et al. 2012) .
This paper introduces a novel approach to exploring the origin of the M • − σ e relation. We study the consequences of disk regrowth for the M • − σ e relation of classical bulges under the assumption that a classical bulge forms with a SMBH satisfying the M • − σ e relation and then a disk reassembles around it. Growth of the disk then compresses the bulge (Andredakis 1998) . Since σ e is not an adiabatic invariant, compression leads to its evolution, which we quantify here. We study the effect of this evolution on the M • − σ e relation. If SMBHs remain on the M • − σ e relation then this implies that SMBH growth is governed by the potential (as characterized by σ e ) within which they sit, which is most likely if AGN feedback regulates SMBH growth. If instead we find that bulges evolve away from the M • − σ e relation, with the SMBHs retaining a memory of the bulge within which they formed, then this implies that bulge growth is limited by the SMBH, as would happen if AGN feedback quenches star formation in the bulge. The paper is organized as follows. Section 2 describes the simulation methods used in this paper. Section 3 presents the evolution of σ e caused by disk (re-)assembly and derives a photometric estimate for the increase in σ e . In Section 4 we predict the consequences of bulge compression for the M • − σ e relation. We find that the main effect is a shift to lower mass in the zero-point of the relation. Then in Section 5 we test this prediction on observational data. We find no evidence for such a shift, indicating that SMBHs have grown along with disks. We show that the degree by which SMBHs must have grown is consistent with the new HST estimates. Section 6 sums up our results.
NUMERICAL SIMULATIONS
We construct initially spherically symmetric twocomponent galaxy models consisting of a stellar bulge embedded in an extended dark matter (DM) halo. For the DM component, we consider the cuspy, cosmologically-motivated Navarro et al. (1996, hereafter NFW) density profile given by
where ρ s is a characteristic inner density, r s denotes the scale radius of the density profile defined as the distance from the center where the logarithmic slope, d ln ρ(r)/d ln r, is equal to −2, and r vir is the virial radius defined as the radius enclosing an average density equal to the virial overdensity times the critical density for a flat universe. We adopt the ΛCDM concordance cosmology with Ω m = 0.3, Ω Λ = 0.7, and h = 0.7, and assume z = 0. The virial overdensity is then equal to ∆ vir ≃ 103.5 (e.g., Lacey & Cole 1993) . The NFW density profile is formally infinite in extent with a cumulative mass that diverges as r → ∞. In order to keep the total mass finite, we implement an exponential cutoff which sets in at the virial radius and turns off the profile on a scale r decay . The truncation scale r decay is a free parameter and controls the sharpness of the transition. Explicitly, we model the density profile beyond r vir by
where c ≡ r vir /r s is the concentration parameter and κ is fixed by the requirement that d ln ρ(r)/d ln r is continuous at r vir . This procedure is necessary because sharp truncations result in models that are not in equilibrium (Kazantzidis et al. 2004) . For the purposes of the present study, we adopt a concentration parameter c = 10, appropriate for Milky Way Galaxy-sized dark matter halos (Bullock et al. 2001) , and a truncation scale r decay = 0.1r s .
For the spatial distribution of the bulge component, we adopt the de-projected Sérsic law (Sérsic 1968) of Simonneau & Prada (2004) :
where
In the above equations, n denotes the Sérsic index, R e,0 is the effective radius, i.e. the radius that encloses half the total projected luminosity, Σ 0 is the central value of the projected mass profile, and s ≡ r/R e,0 . For n ≥ 1, k can be estimated (with an error smaller than 0.1%) by the relation k = 2n − 0.324 (Ciotti 1991) . Our initial bulge has Sérsic index n = 4, i.e. it is characterized by a de Vaucouleurs (1948) profile. For the specific galaxy model we consider, the ratio between the mass of the bulge and the virial mass of the halo is equal to 8 × 10 −3 , while the ratio between the bulge effective radius and the halo scale radius, R e,0 /r s = 0.02. Our standard scaling has R e,0 = 500 pc and bulge mass M b = 8 × 10 9 M ⊙ , leading to r vir = 270 kpc and M vir = 10 12 M ⊙ . Because we do not consider non-gravitational processes such as gaseous dissipation, the scale-free nature of gravity allows the rescaling of our models.
Monte-Carlo realizations of the N -body galaxy model are constructed according to the procedure described in Kazantzidis et al. (2004) , which is based on sampling the exact phase-space distribution function (DF). Under the assumption of isotropy, the DF of each component depends only on the binding energy per unit mass E:
where ρ i is the density profile of component i and Ψ(r) = ψ DM (r) + ψ stars (r) is the total relative gravitational potential. Note that the second term on the right-hand side in Eqn. 5 vanishes for any sensible behavior of Ψ(r) and ρ i (r) as r → ∞.
The system generated this way needs to be softened; the gravitational softening lengths are set to ǫ = 15 pc for all particles (including the disk particles described below) in all runs. Since softening the potential is equivalent to smoothing the density distribution (Barnes 2012) , the initial conditions set up without softening are not a perfect equilibrium. We therefore relax the initial bulge+halo system for 250 Myr before we start growing the disk. During this period the bulge settles to a new equilibrium. For the remainder of this paper we refer to this relaxed model as the initial conditions.
After the bulge+halo system has reached equilibrium, we investigate its response to the growth of various external disk fields. The growing disks follow an exponential distribution in cylindrical radius R, and their structure is modeled as (Spitzer 1942; Freeman 1970) : Hernquist & Mihos (1995) showed that minor mergers drive gas to small radii leading to a burst of star formation and bulge growth. However dissipation is now thought to largely give rise to pseudo, not classical, bulges. The origin of bulges in high mass galaxies remains contentious. Weinzirl et al. (2009) used bulge+disk+bar decompositions to argue that mergers cannot account for the majority of bulges in current high mass galaxies. Hopkins et al. (2010) instead argued that major mergers dominate the formation of these bulges, with minor mergers contributing another ∼ 30%. Nonetheless a separation between classical and pseudo bulges seems to be well established, with observational evidence indicating that properties such as morphologies, star formation rates and correlations with disk properties, including color, change across n ≃ 2 (Drory & Fisher 2007; Fisher & Drory 2008; Fisher et al. 2009; Fisher & Drory 2010) . Each growing-disk simulation is performed by growing linearly over time the mass of an initially massless Monte Carlo particle realization of the desired disk model:
11 M ⊙ and τ = 2 Gyr. During the experiments the disks are held rigid with their particles fixed in place, while both the bulge and halo particles are live, allowing them to remain in equilibrium as the disk mass grows. Throughout the experiments, all other properties of the growing disks (e.g., scale-lengths, scale-heights) are kept constant. Additional details of this technique can be found in Debattista et al. (2008) , Villalobos et al. (2010) and Kazantzidis et al. (2010) . Our simulations do not include a SMBH since the sphere of influence of the SMBH that would correspond to the velocity dispersion of the initial bulge, r h = GM • /σ e 2 is only ∼ 4 pc, which is considerably smaller than R e,0 .
The initial conditions of the two-component galaxy contain a total of 4.4 million particles (4 × 10 6 dark matter particles and 4 × 10 5 bulge particles). The disk is modeled with a further 4 × 10 5 particles. Particles are set up using a quiet start procedure (Sellwood 1983 ) that ensures that all components have zero net momentum. We set up particles in groups of four: the first particle has (x, y, z, v x , v y , v z ) while the rest
We run 5 simulations, with varying ratio of disk scalelength to initial bulge effective-radius: R d /R e,0 = 0.5, 1, 2, 5, and 10. We save outputs at 25 Myr intervals corresponding to increments δM d = 0.25M b . Table 1 provides a summary of a representative subset of the outputs.
All numerical simulations are carried out with the parallel N -body code pkdgrav (Stadel 2001) . In all experiments, we set the base timestep ∆t = 1.25 Myr with timesteps refined such that δt = ∆t/2 p < η(ǫ/a) 1/2 , where ǫ is the softening and a is the acceleration at a particle's current position, with rung number p as large as 29 allowed. For all simulations we set η = 0.02 and use an opening angle of the treecode θ = 0.7. In the R d /R e,0 = 1 model, timesteps for particles get as small as 2 −10 of the base timestep, (i.e. 1220 years). presented in this paper. The first two columns list the 'input' parameters, where D/B is the disk-to-bulge mass ratio and R d /R e,0 is the ratio of disk scale-length to initial bulge effective radius. The last three columns list the output parameters of the simulations. R d /Re is the ratio of disk scale-length to final bulge effective radius, σe is the velocity dispersion of the bulge and Γ• is the ratio of final to initial M• assuming the system starts and ends on the same M• − σe relation with slope β = 4. Both R d /Re and σe include the effects of relaxation of the initial conditions. The first row corresponds to the initial conditions before the disk is grown.
EVOLUTION OF VELOCITY DISPERSION
Growth of the disk compresses the bulge and raises its velocity dispersion everywhere. In Figure 1 we plot examples of this evolution. From an initial value of ∼ 100 km s −1 , the bulge in the R d /R e,0 = 1 case attains values of σ r ∼ 300 km s −1 . At each output we measure the bulge effective radius, R e , by computing the circular projected radius containing 50% of the bulge mass at inclinations i = 0
• , 60 • and 90
• . A detailed analysis of the evolution of the structural parameters will be presented elsewhere. We then measured σ e in slits as the root-mean-square (rms) of the line-of-sight velocity of all particles within R e σ e 2 = i∈Re m i v 2 i,los
wherev los is the mean line-of-sight velocity and σ los is the line-of-sight velocity dispersion along the slit, which is placed along the major (i.e. inclination) axis. We repeat the measurements of σ e for the same set of inclinations (i = 0
• , 60
• and 90 • ) and use the average of these measurements for σ e . Because σ e is not identical for all viewing orientations, we use the largest difference between the average σ e and the individual values as an estimate of the uncertainty on σ e . We use slits of width 20 pc, which is ≃ 4% of R e,0 and ≃ 16% of the smallest R e attained by the simulations, ∼ 0.14 kpc. The change in σ e is not a result of different radial sampling caused by the change in R e , but is genuinely caused by evolution of the velocity dispersion, as can be seen in Figure 1 . We also measure σ 8 , the velocity dispersion in apertures of R e /8, similarly by restricting the sum in Eqn. 7 to that smaller radius. The main simulation results are presented in Table 1 and plotted in Figure 2 . In order to provide a fitting formula to these values, we note that Wolf et al. (2010) find M 1/2 ≃ 4G −1 R e σ los 2 for pressure-supported systems, where M 1/2 is the mass within the half-mass radius and σ los 2 is the luminosity-weighted square of the line-of-sight velocity dispersion over the entire system. We therefore expect σ to scale as
where subscripts f and 0 indicate final and initial values and M b (R) and M d (R) indicate bulge and disk masses within radius R. Integrating over radius, we expect σ e σ e,0 = 1
where σ e,0 is the initial dispersion of the bulge. We stress that F is defined to be a photometric, not kinematic, quantity. Note that at fixed disk-to-bulge mass ratio, D/B, the minimum in F occurs at R e /R d = 0, i.e. as R d → ∞. In deriving Eqn. 9 from the more general Eqn. 8 we have assumed that the disk is exponential; this is true for our simulations, but need not be the case in nature (e.g. Böker et al. 2003; Dutton 2009 ). If γ = 1 then the term in the outer brackets on the right hand side of Eqn. 9 is merely the ratio of final (bulge+disk) mass to initial (bulge only) mass within R e . (We ignore the dark matter halo in this calculation since the dark-to-bulge mass fraction within R e,0 is less than 2%.) We have also assumed that the disk scale-height is small compared to the effective radius of the bulge, but the factor γ is introduced to account for some of deviations resulting from this assumption. We have neglected the compression of the bulge in deriving this expression, i.e. we assume that R e = R e,0 , which Table 1 clearly shows is not the case. We fold the uncertainty resulting from this assumption into the free parameter δ, which would be 0.5 if R e = R e,0 . The best fit for 2 ≤ R d /R e ≤ 9, D/B > 0 and 1 ≤ σ e /σ e,0 ≤ 2 is γ = 0.3 and δ = 1.76 which gives a χ 2 = 172 for 196 data points. The best fit value with γ = 1 is δ = 0.64 with χ 2 = 562. Likewise, we fitted best-fit parameters for σ 8 obtaining γ = 0.02 and δ = 15.92 with a χ 2 = 719. These best fits are shown in Figure 2 . Because the compression of the bulge depends only on the ratios of bulge-to-disk masses and sizes, Eqn. 9 remains true for any galaxy or bulge mass, i.e. for any σ e,0 .
In order to check whether the bulge and halo respond adiabatically to the growth of the disk we slowly evaporated the disk from the final state of the simulation with R d /R e,0 = 1. The results of this test are shown in Figure  3 and indicate that indeed the response is adiabatic to good approximation.
3.1. Other dependencies and sources of scatter Eqn. 9 allows us to estimate the increase in σ e for a bulge given a galaxy's photometric decomposition. We now explore the amount of scatter that can occur in these estimates for a given observed density distribution. Some of the effects we consider here will compress the bulge to a different extent, so both σ e and R e will change; it may happen however that Eqn. 9 still provides a good approximation to the evolution of σ e . Because we use Eqn. 9 to estimate the offset of galaxies from the M • − σ e relation, we are primarily interested in those changes which Eqn. 9 does not reproduce, and we consider this to be the scatter of interest here. The (re)-assembly of disk galaxies is not necessarily a slow, adiabatic process. A possible source of scatter might therefore be due to disks growing more rapidly than assumed here. In order to test what the effect of faster disk growth may be, we grow the disk ten times faster, i.e. within 200 Myr. The results are shown in the top panel of Figure 4 . The effect of the different growth rate is negligible.
At a given mass, the concentration of dark matter halos can vary substantially (e.g. Wechsler et al. 2002) . We explore what effect this might have on σ e by re-running our simulation with a halo having c = 20. The bottom panel of Figure 4 shows that σ e is barely changed, undoubtedly because the galaxy is baryon-dominated in the bulge region. Reasonable variations in halo concentration therefore do not produce any significant scatter in the M • − σ e relation.
All simulations above used z d = 0.15R d . In the top panel of Figure 5 we show the effect of halving z d . This increases the final σ e to 268.7±13.3km s −1 , an increase by 6.8% while R e decreases by ∼ 3.3%. The bottom panel of Figure 5 shows that, taken together, these differences lower the quality of the fit of Eqn. 9 for z d = 0.075R d compared with that for the standard z d = 0.15R d , although all cases still have errors of less than 15%. At σ e /σ e,0 = 1.8 the maximum error is about 12%, which we adopt as our estimate for the scatter due to disk thickness.
Another source of scatter comes from the contamination of measured bulge kinematics by the kinematics of the disk, which is almost inevitable in real galaxies. Exploring this effect requires that we set up equilibrium kinematics for the disks in the R d /R e,0 = 1 model at various values of D/B. We set the kinematics of the disks to give constant Toomre-Q = 1.5, as described in Debattista & Sellwood (2000) . For this we calculate the potential using a hybrid polar-grid code with the disk on a cylindrical grid and the bulge+halo on a spherical grid (Sellwood 2003) . Figure 6 shows the effect of disk contamination: changes in σ e can be either positive or neg- Figure 6 show the inclination-averaged values of σ e (B) versus σ e (B + D); the differences between the means are generally less than 20%. However on average σ e (B + D) is systematically larger than σ e (B).
Based on these tests we conclude that there is 30% uncertainty in the degree to which classical bulges are compressed.
Observational evidence for bulge compression
We now present evidence that bulge compression associated with disk regrowth has occurred in nature by comparing the properties of classical bulges and elliptical galaxies. This requires a large sample of disk galax- ies with bulge+disk decompositions. Gadotti (2009) presented a detailed structural analysis of nearly 1000 galaxies from the Sloan Digital Sky Survey (SDSS) (York et al. 2000) , classifying them into ellipticals or disks, distinguishing the latter by whether they host classical or pseudo bulges. Gadotti & Kauffmann (2009) present the velocity dispersions within R e /8, hereafter σ 8 , for a fraction of these galaxies. We use these data to compare the distributions of σ 8 for ellipticals and classical bulges. The sample contains 196 elliptical galaxies and 176 unbarred classical bulges with kinematic data. Gadotti (2009) classifies the bulges based on the Kormendy (mean effective surface brightness µ e versus R e ) relation (Kormendy 1977) . Fisher & Drory (2008) identify Sérsic index n = 2 as the dividing line between pseudo and classical bulges, with the latter having n > 2. We apply this additional criterion to the sample, which leaves 166 galaxies as our final sample of unbarred, classical bulges. Figure 7 plots the distribution of galaxies in the σ 8 -M bul plane for ellipticals, observed unbarred classical bulges, and the same classical bulges if they are decompressed using Eqn. 9. We obtain M bul , D/B and R e /R d from the the exponential disk+ Sérsic bulge decompositions of Gadotti (2009) and σ 8 from Gadotti & Kauffmann (2009) . We decompress to obtain σ 8,0 using Eqn. 9 fitted to σ 8 .
The line in the top panels of Figure 7 shows the fit to the ellipticals: σ 8 / km s −1 = (M bul /3051M ⊙ ) 0.30783 . The observed classical bulges have larger σ 8 , on average, than the ellipticals at a given M bul . When we decompress the bulges their offset from the elliptical relation is significantly reduced, as can be seen in the bottom panels of Figure 7 . The distributions of the residuals from Gadotti & Kauffmann (2009) , in the σ 8 -M bul plane. Left: Elliptical galaxies. Center: Classical bulges in unbarred galaxies. Right: The same sample as in the central panel, but using the decompressed values for σ 8 obtained by applying Eqn. 9. The (red) solid lines in each of the upper panels show the best fit to the elliptical galaxies. The bottom panels show the residuals for each sample from this best fit to the ellipticals: ∆ log σ 8 = log σ 8 − log σ 8,fit , where σ 8,fit is the σ 8 value from the fit to the ellipticals of a given mass. the fit to ellipticals are shown in Figure 8 . The means of the residuals are 0.06 dex and 0.04 dex for the observed and decompressed classical bulges, respectively. A twosample unbinned K-S test comparing the ellipticals and bulges shows that the probability that the residuals are drawn from the same distribution is 3 × 10 −9 for the observed bulges and a much larger, though still formally small, 3 × 10 −6 for the decompressed bulges. In Figure  9 we plot the distribution of the bulges and ellipticals in the σ 8 -R e plane. As was also found by Gadotti (2009) , the observed classical bulges are offset to larger σ 8 and smaller R e relative to the ellipticals in this projection of the Fundamental Plane, as expected if bulges are compressed by disks.
While Figures 7 and 8 do provide evidence for bulge compression, they also show that the σ 8 is even larger than predicted by our simple model. Possibly this is because disks are more concentrated than exponential at the center, as proposed by Böker et al. (2003) and Dutton (2009) . Alternatively, contamination of σ 8 by the disk, or differences in formation histories, could be to blame for (part of) the offset between ellipticals and classical bulges. We note that if disks are more concentrated than exponential then their effect is to further compress bulges and we have under-estimated the evolution of σ e . Exploration of this issue is deferred to a future publication.
CONSEQUENCES FOR THE M• − σe RELATION
The steepness of the M • − σ e relation implies that the maximum factor of ∼ 3 increase in σ e obtained in the simulations would require a factor of ∼ 80 increase in Fig. 7 . The solid (black) line is for the ellipticals, the dashed (red) line is for observed classical bulges (as described in the text) and the dot-dashed (blue) line is for the classical bulges decompressed using Eqn. 9. 
Evolution of slope and zero-point
In Figure 10 we plot the distribution of σ 8 as a function of D/B and of R d /R e for the Gadotti (2009) sample; a weak correlation between D/B and σ 8 is present (Spearman r sp = −0.22, Kendall τ = −0.15), which is statistically significant at less than 3σ. The correlation between R d /R e and σ 8 is even weaker (Spearman r sp = −0.10, Kendall τ = −0.07). We therefore neglect these weak correlations. If σ e /σ e,0 = F , and the average σ e /σ e,0 at a given σ e,0 is F , then neglecting these correlations implies that F is independent of σ e,0 . Then we can write the M • − σ e relation for compressed bulges, if M • does not change while disks grow, as
i.e. the slope of the relation remains β but the zero-point changes by δα = −β log F .
Because F ≥ 1 (compression can only increase σ e ) Eqn. 11 implies that δα < 0. Therefore, if M • does not grow during disk formation, the M • − σ e relation of compressed bulges will be parallel to, but offset below, the M • − σ e relation for elliptical galaxies. Failure to find such an offset would strongly suggest that SMBHs grow along with disks.
Predicted offset from photometric samples
In order to provide a quantitative prediction for the change in the zero-point we use two samples of galaxies with detailed photometric decompositions. The first is the sample of Gadotti (2009) , for which each galaxy is fit with three components; a bulge, a disk, and, where necessary, a bar. We split the sample by whether the galaxy is barred or not. In our analysis, for the barred galaxies we treat the bar as part of the disk when computing D/B values and use R d from the disk, not the bar. Because bars are at the centers of galaxies, our assumption underestimates the fraction of disk+bar mass within the bulge effective radius, and therefore also F . The second sample is the complete and volume-limited catalogue of 86 low-inclination disk galaxies of all Hubble types observed (2009), with open and filled circles corresponding to barred and unbarred galaxies, respectively. See text for details of how the parameters for the barred galaxies are computed. Right: The (blue) circles are data from Graham (2003) , with open and filled circles corresponding to galaxies with n < 2 (pseudo) bulges and n > 2 (classical) bulges, respectively. The (green) star represents the Milky Way based on the model of Bissantz & Gerhard (2002) .
by de Jong & van der Kruit (1994) . For 75 of these, Graham (2003) fitted Sérsic bulge+exponential disk decompositions in the K-band, regardless of whether they are barred or not. We select classical bulges from this sample as those galaxies having n > 2, leaving us with 15 galaxies. Figure 11 plots the distribution of both samples in the R d /R e -D/B plane and overlays contours of Γ • . All but one of the classical bulges in both samples have D/B < 10, whereas many of the pseudo bulges in the Graham (2003) sample have D/B > 10. The majority of the galaxies in the Gadotti (2009) 
For about half of all galaxies Γ • > 1.4, while a small fraction (∼ 33% of the Graham (2003) sample and ∼ 8% in the Gadotti (2009) sample) has Γ • > 2. A small number of galaxies fall outside the simulation grid. In calculating Γ • for these galaxies, we extrapolate Eqn. 9 to outside our simulation grid. These are mostly however at large D/B, and populated solely by pseudo bulges, rather than classical ones. Many more galaxies in the Gadotti (2009) sample have D/B < 1 than in the Graham (2003) sample. The difference cannot be attributed to the different photometric decompositions since the same difference is present also for unbarred galaxies in the Gadotti (2009) sample. Therefore together these two samples should give some indication of the uncertainty in the photometric parameter F . The distributions of F for both samples are shown in Figure 12 and the results listed in Table 2 . Notwithstanding the differences between the samples, we find a narrow range of 1.096 ≤ F ≤ 1.122. Assuming β = 4.24 (Gültekin et al. 2009 ), this corresponds to 1.48 ≤ Γ • ≤ 1.63 and −0.21 ≤ δα ≤ −0.17. For their full sample Gültekin et al. (2009) measured α = 8.12 ± 0.08; with such a small uncertainty on α, offsets between classical bulges and elliptical galaxies in the M • − σ e relation should be measureable. We estimated above a scatter due to modelling uncertainties of order 30%, but the effect we are looking for here is systematic, so it should be detectable if present.
Sample
Ng F Unbarred Gadotti (2009) 
TESTING FOR OFFSETS
We now test for offsets between the M • − σ e relations of elliptical galaxies and of classical bulges. We show that there is no significant offset between the two populations. If we decompress the bulges using Eqn. 9 then a small but significant offset occurs, which supports our claim that an offset should have been detected if SMBHs had not grown in mass along with disks. Gültekin et al. (2009) presented a sample of 49 galaxies with M • measurements, to which they fitted the M • − σ e relation. Many of these galaxies have bulge+disk decompositions in the literature (Fisher & Drory 2008 . The photometric decompositions we use here were taken from Fisher & Drory (2008) , Fisher & Drory (2010) and Fisher & Drory (2011) . For the unpublished decompositions the Appendix provides a description of how they were performed. The left panel of Figure 13 presents these photometric decompositions with contours of Γ • from Eqn. 9 overlaid. Gültekin et al. (2009) found α = 8.23 for ellipticals and α = 8.17 for classical bulges, but their definition of classical bulges includes the elliptical galaxies. We therefore refit the relation to ellipticals and classical bulges separately using the code mpfitexy 6 which implements the MPFIT algorithm (Markwardt 2009 ). We first fit the M • − σ e relation of the elliptical galaxies in the Gültekin et al. (2009) sample: IC 1459, M32, M60, M84, M87, NGC 821, NGC 1399 (both measurements), NGC 2778, NGC 3377, NGC 3379, NGC 3607, NGC 3608, NGC 4261, NGC 4291, NGC 4459, NGC 4473, NGC 4486A, NGC 4697, NGC 5077, NGC 5576, NGC 5845, NGC 6251, NGC 7052, A1836 and A3565. We obtain β = 4.06 ± 0.40, with zero-point α = 8.21 ± 0.07 and an intrinsic scatter of 0.30. This measurement is in excellent agreement with the M • − σ e relation of elliptical galaxies obtained by Gültekin et al. (2009) using a different fitting method. This M • − σ e relation is shown by the solid line in the right panel of Figure 13 . We then selected the classical bulges to be those having n > 2, leaving us with 16 galaxies: NGC 224, NGC 1023, NGC 2787, NGC 3031, NGC 3115, NGC 3227, NGC 3245 NGC 3585, NGC 3998, NGC 4026, NGC 4258, NGC 4342, NGC 4564, NGC 4594, NGC 4596 and NGC 7457. For this sam-6 http://purl.org/mike/mpfitexy ple we measure, from the photometric decompositions, F = 1.12 ± 0.03, comparable to the values predicted in Table 2 . Based on this value and fixing β = 4.06, we expect δα = −0.20 if M • had not changed as the disks grew. Fitting the M • − σ e relation for classical bulges while holding β fixed, we obtain α = 8.29 ± 0.09, which is plotted as the dashed line in Figure 13 . The offset from the elliptical relation is only 0.08, within the one sigma uncertainty and significantly smaller than expected from the photometric decomposition if no SMBH growth had occurred. The zero-point predicted by the photometric decompositions is ∼ 2 sigma away from the one found. Thus we find no evidence of a significant offset between elliptical galaxies and observed classical bulges.
Gültekin sample
In order to demonstrate that bulge compression should have produced an offset that is measureable, we also fitted the M • − σ e relation of the same bulges decompressed using Eqn. 9, again fixing β = 4.06 and using as uncertainties on σ e,0 and M • the values for the observed bulges. We obtain α = 8.47 ± 0.11. The offset from the relation for ellipticals is now +0.26, which is two sigma different. This fit is shown in the right panel of Figure  13 as the dot-dashed line.
Beifiori sample
As a further demonstration of the absence of an offset in the M • − σ e relation between ellipticals and classical bulges we consider also the independent sample of Beifiori et al. (2009) . Beifiori et al. (2009) obtained upper limits on the masses of SMBHs in over 100 galaxies. They showed that their relation is parallel to the usual M • − σ e relation, with β = 4.12 ± 0.38. For a number of these galaxies, Beifiori et al. (2012) provide bulge+disk decompositions; the resulting sample has 22 disk galaxies. Of these, 16 galaxies have n > 2 which we select as classical bulges: NGC 2911, NGC 2964, NGC 3627, NGC 3675, NGC 3992, NGC 4203, NGC 4245, NGC 4314, NGC 4429, NGC 4450, NGC 4477, NGC 4548, NGC 4579, NGC 4698, NGC 5005 and NGC 5252. The left panel of Figure 14 plots the distribution of these bulges in the B/D-R e /R d plane. From their photometric decompositions we obtain F = 1.16 ± 0.03.
Because this sample only has upper limits on M • , not actual measurements, we fit the M • − σ e relation keeping the slope of the relation fixed to that obtained for the elliptical galaxies from the Gültekin et al. (2009) (2009) sample of upper limits cannot give the absolute zero-point of the relation, we are interested in relative offsets, for which it is well suited. As an estimate for the error on M • we use half the difference between the two upper limits given by Beifiori et al. (2009) , which are based on assuming two different inclinations for the nuclear disk surrounding the SMBH. Using a constant error of 10 3 M ⊙ instead yields results that are virtually indistinguishable. We fit the zero-points for ellipticals (α = 8.46 ± 0.10), observed classical bulges (α = 8.57 ± 0.10) and decompressed classical bulges (α = 8.95 ± 0.11). These results are shown in the right panel of Figure 14 . The offset between the ellipticals and the observed classical bulges is 0.11, which is again less than one sigma. In comparison, the offset between ellipticals and decompressed classical bulges, shown in the right panel of Figure 13 , is +0.49 (the photometric prediction being δα = 0.26), which is different at more than three sigma. Hence, for this sample the observed offset and the offset predicted if no SMBH growth occurs differ by > 3 sigma.
Thus both the Gültekin et al. (2009) 5.3. Galaxies with Γ • > 3 We estimated above that the scatter in σ e /σ e,0 is 30%. This implies that galaxies in which F > 1.3, (i.e. Γ • > 2.9 for β = 4) should be dominated by compression. Table 3 lists the five galaxies for which the photometric properties imply Γ • ≥ 3; these are the galaxies for which the impact of compression is the largest, and are therefore ideally suited to test whether or not disk (re-)assembly is associated with growth of the SMBH. Of the five galaxies, only one, NGC 4594 (the Sombrero galaxy), which happens to have the largest Γ • , has a proper M • mass measurement. Two of the other galaxies have M • upper limits from Beifiori et al. (2009) . The remaining two galaxies have no M • measurements that we are aware of. We recommend measurements of M • in these galaxies in order to further constrain the ability of SMBHs to grow along with disks. Figure 15 plots the ratio of the observed M • to that predicted for its value of σ e by the M • − σ e relation of ellipticals versus Γ •,phot ≡ F β , the value of Γ • predicted ,phot represents the location of SMBHs that form on the M • − σ e relation and do not grow as the disk regrows. The dotted line instead shows the case M • /M •,pred = 1, corresponding to SMBHs that always stay on the M • − σ e relation as the disk regrows. Most galaxies are above or near the dotted line, and this is especially true at Γ •,phot > 3, regardless of whether the Gültekin et al. (2009) or the Beifiori et al. (2009) sample is considered. For the galaxy with the largest predicted Γ •,phot , NGC 4594, we also plot the improved M • measurement of Jardel et al. (2011) together with its uncertainty. NGC 4594 provides the greatest leverage in distinguishing how SMBHs and disks co-evolve; Figure 15 shows clearly that its SMBH continued to grow while its disk was forming. Galaxies would have followed the dashed line in Figure 15 if the M • − M bul had been the more fundamental scaling relation rather than the M • − σ e relation, as assumed here.
There is a hint that barred galaxies are more frequently found near or below the dashed line in Figure 15 , although this is not true of all barred galaxies. However the data do not reach Γ •,phot values large enough to determine whether there is a real difference between barred and unbarred galaxies.
DISCUSSION AND CONCLUSIONS
Observations find that the peak of the integrated AGN activity is at z ≃ 2 (Wolf et al. 2003) . The majority of bright quasars are in elliptical galaxies (Kukula et al. 2001; Dunlop et al. 2003; Kauffmann et al. 2003 ) but intermediate brightness Seyfert AGN, which represent a significant fraction of the total AGN number density at z = 1.5 − 3 (Ueda et al. 2003) , are preferentially in disk galaxies . Schawinski et al. (2011) estimate that 23 − 40% of SMBH growth in these AGN occur during a slow, secular mode of the type envisaged here. For the samples of disk galaxies with classical bulges that we explored here we estimate a mean M • growth by ∼ 50% − 65%. If instead we consider the samples with M • measurements (both the direct and upper limits only) we find growth factors ∼ 60% − 80% from their photometric decompositions. The growth factor may be somewhat larger still if disks are steeper than exponential at their centers. Nonetheless, our estimated growth factor spans a range that is broadly in agreement with observational estimates.
We failed to find a significant difference between the M • − σ e relation of ellipticals and of classical bulges. With currently available samples this result is statistically significant only at about two-three sigma. Besides increasing the sample size, the best future prospects for improving the significance of this result is if more galaxies with photometrically predicted large values of Γ • were to have their M • measured. We have provided a list of 5 galaxies (Table 3) with Γ • ≥ 3; of these 4 have no directly measured M • . Galaxies with such large predicted growth factors offer excellent probes of the co-evolution of SMBHs and disks. Moreover Eqn. 9 makes it easy to trawl through photometric catalogs to search for further examples of galaxies with large predicted growth factors. Since this paper was first submitted there have been several updates to the Gültekin et al. (2009) sample used in this work. We explored the impact of these via the sample compiled in McConnell & Ma (2012) . The main changes for elliptical galaxies were updates of some SMBH masses and σ e 's and the addition of SMBH measurements in several brightest cluster galaxies (BCGs). Because BCGs evolve differently, we exclude these new galaxies from our sample and use the same sample as listed above under the Gültekin et al. (2009) sample, updating to the new M • and σ e values (dropping NGC 2778 which does not have a significant SMBH detection in recent measurements). For this sample we obtain (α, β) = (8.37 ± 0.07, 4.39 ± 0.42). The McConnell & Ma (2012) sample includes a number of new SMBH measurements in disk galaxies; at present we cannot determine whether any of these galaxies host classical bulges. In any case, several of these are low mass galaxies and are likely to host pseudo bulges, so we continue to fit to the same classical bulge sample from Gültekin et al. (2009) as before, now fixing the slope to β = 4.39. We obtain an intercept α = 8.32 ± 0.09, which is statistically indistinguishable from the value for ellipticals. Instead the value for the decompressed bulges is α = 8.51±0.11, one sigma different from the value for ellipticals. We conclude that the latest measurements continue to show no evidence of an offset between ellipticals and classical bulges.
Assuming our result continues to hold with increased sample size, the consequence of our finding is that SMBHs grow along with disks. The main parameter regulating their growth is then the potential within which they reside, which is largely set by the bulge. This means that SMBH growth is self-regulated (e.g. Treister et al. 2011) : SMBHs can grow until their feedback unbinds any gas otherwise destined to accrete onto them. This picture accounts also for the absence of correlations with properites of the dark matter halo or of the disk .
Disk mass growth leads to an evolution of σ e that is non-hierarchical, thereby adding nothing to the mass of a classical bulge. Another consequence of the absence of an offset in the M • − σ e relation of classical bulges therefore is that the bulge mass, which does not change as D/B increases, is not the main parameter determining M • . Thus the M • − M bul relation cannot be as fundamental as the M • − σ e relation. One interpretation of SMBH scaling relations views them as reflecting only a central-limit-theorem non-causal evolution produced by repeated galaxy merging (Peng 2007; Jahnke & Macciò 2011) . In this picture the main correlation is between M • and M bul , both of which grow during mergers. Peng (2007) even predicted that bulge-dominated galaxies will have tighter scaling relations than disk-dominated ones. The lack of an offset between ellipticals and classical bulges is contrary to this scenario: some form of regulation between SMBHs and bulges is required.
The Milky Way Galaxy
Whether the Milky Way hosts a classical or pseudo bulge remains unclear. While its bulge stars are mostly old, metal-rich and α-enhanced, favoring fast formation during mergers (McWilliam & Rich 1994; Zoccali et al. 2004 Zoccali et al. , 2006 Zoccali et al. , 2008 Lecureur et al. 2007; Fulbright et al. 2007 ), kinematics and morphology favor its formation via the central bar (Fux (1997 (Fux ( , 1999 ; Shen et al. (2010) but see also Saha et al. (2012) ). Assuming it is a classical bulge, the green star in the right panel of Figure  11 represents the Milky Way based on a bulge+disk decomposition of the density model of Bissantz & Gerhard (2002) 6.2. Summary Our main results can be summarized as follows:
1. When a disk forms and grows around a preexisting bulge, it gravitationally compresses the bulge, causing its effective velocity dispersion, σ e , to increase. We have provided a fitting formula, Eqn. 9, for the change in σ e for given bulge-to-disk mass and size ratios.
2. Using the SDSS data of Gadotti (2009) and Gadotti & Kauffmann (2009) , we find evidence that classical bulges have been compressed as disks reformed around them. The photometric samples predict that bulges should experience a mean increase in σ e by ∼ 10%. While small, the steepness of the M • − σ e relation requires SMBHs to grow, on average, by ∼ 50% and extends to > 200%.
3. The weak correlations between D/B and σ 8 and between R d /R e and σ 8 ensure that the main effect of bulge compression on the M • − σ e relation, if M • remains unchanged as the disk regrows, is an offset to a smaller zero-point at fixed slope. The predicted offset between ellipticals and classical bulges is measureable with available samples of M • .
4. We do not find an offset between the M • − σ e relations of ellipticals and of classical bulges in either the sample of Gültekin et al. (2009) or that of Beifiori et al. (2009) . Using available photometric decompositions of the galaxies, we show that an offset should have been found if M • had not changed since the bulges formed. Thus SMBHs must have grown along with disks.
5. We estimate that SMBHs had to have grown by ∼ 50% − 80% in order to remain on the M • − σ e relation. Such significant SMBH growth is in agreement with recent observations that find that at 1.5 ≤ z ≤ 3 SMBHs in disk galaxies grow by ∼ 23% − 40%.
6. We have provided a list of 5 galaxies (Table 3) for which the SMBH is predicted to have needed to grow by a factor greater than three to remain on the M • − σ e relation. SMBHs with such large growth factors provide strong constraints on the mechanisms regulating the M • − σ e relation and we strongly encourage measurement of their black hole masses.
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APPENDIX

UNPUBLISHED PHOTOMETRIC FITS
We make use of unpublished decompositions of disk galaxies in the sample of Gültekin et al. (2009) kindly provided to us by David Fisher. Most of these decompositions have been published (Fisher & Drory 2008 . However a few remain unpublished and we provide here a description of the analysis method by which David Fisher derived these decompositions.
The decompositions use archival HST and ground-based data. When possible, near infrared data are used as they are less sensitive to the obscuring effects of dust. Fisher & Drory (2008) show that for relative quantities, such as B/T , there is little difference from V -band to H-band; data are therefore restricted to be V -band or redder. For each galaxy the surface brightness profile is determined through ellipse fitting of both HST and ground-based data, thereby simultaneously constraining both the small scale structure at the center of the galaxy and the shape of the outer disk profile. Interfering objects, such as foreground stars and background galaxies, are masked via automatic source identification methods and manually removed. For ground-based images the sky is removed by subtracting a surface, fitted to regions of images that do not contain galaxy light. The radial sizes of the ellipses are optimized to maintain a roughly constant signal-to-noise ratio across the profile, and zero-point shifts of the ground-based image to match the HST data ensured continuity. The bulge+disk decompositions are then determined by fitting a Sérsic bulge plus outer exponential disk to the major axis surface brightness profile.
